Abstract. Adenoid cystic carcinoma (SACC) is a rare malignancy, but a frequent subtype in minor and major salivary glands. The molecular alterations or biomarkers that underlie its development and progression as well as therapy outcomes are poorly characterized. The main study goal was to investigate reliable biomarkers and patient-related factors that may have impact on recurrence and long-term survival of SACC. The prevalence of human papilloma virus (HPV) in SACC was determined by HPV-DNA genotyping and p16 immunostaining. Epithelial growth factor receptor (EGFR), p53 and Ki-67 expression were also evaluated. Twenty-eight (42%) of 67 patients were HPV-DNA positive. Kaplan-Meier analysis indicated that SACC patients with metastases (P=0.03) had a poor overall survival (OS) and a shorter recurrence-free survival (P<0.001). Positive resection margins significantly predicted shorter recurrence-free survival (P=0.01). In the multivariate analysis, non-metastatic disease (P=0.033) and p16 positivity (P=0.005) have shown their prediction value for OS while non-metastatic disease (P=0.002), HPV positivity (P=0.041) and negative resection margin predicted a better recurrence-free survival. The present study documents for the first time the positivity for HPV infection and overexpression of certain markers (p16, Ki-67, EGFR and p53) used in diagnostics in SACC as well as characterizes clinical entities. These factors might be exploited in the future as biomarkers for its prognostic value. Using the clinical and pathological basis for predicting different outcomes could significantly facilitate SACC stratification and potentially directing treatment.
Introduction
Salivary gland carcinoma (SGC) is a rare malignancy with an incidence rate of approximately 1 per million per year in the United States (1) and Europe (2) . SGC may arise in all major or minor salivary glands and may have a variety of histologic and biologic characteristics that have been summarized in a recent WHO-classification schema (3) . With regard to all locations, mucoepidermoid carcinomas, polymorphous low-grade adenocarcinoma and the adenoid cystic carcinoma (SACC) are the most frequently occurring histologic types (4, 5) . Studies with patient-collectives from Western Europe found that SACC are the most frequent type (2, 6) . Although the etiology of SGC remains unclear, prior exposure to radiation, a history of benign salivary gland tumor and a deficiency of nutrients, particularly vitamins A and C have been identified as SGC risk factors (7) (8) (9) . Epidemiologic studies indicate that the increased rates of SGC after exposure to carcinogens like nickel, chrome, asbestos, cement are possible, but there is no proof yet. Increasingly genetic aberrations are identified in SGC, none of them specific for a certain histological type. DNA of a variety of viruses with oncogenic potential such as EBV, CMV and HHV-6 to 8 was isolated from SGC, but this finding could not be linked to the development of malignancy yet (10) .
Today, human papillomavirus (HPV) has been widely accepted as a cause for a subgroup of squamous cell carcinoma of the head and neck area (HNSCC) (11, 12) . Infections with these viruses are linked to the highest risk for transformation to invasive carcinoma (13) . There is very rare and sometimes controversial information about HPV infections in SGC and SACC specifically (14) (15) (16) (17) (18) (19) suggesting an association between HPV and certain salivary gland neoplasms. However, the clinical significance of these findings remains elusive. One intention of the present study was to systematically investigate the HPV status in SACC tumor tissues. In HPV-related HNSCC and cervical carcinoma, p16 expression correlates highly with the presence of oncogenic HPV-DNA (20) . Therefore, p16 is considered a specific marker equivalent to DNA-sequencing for high-risk HPV (HR-HPV) and is widely used in routine histopathological screening (20) . Clinically important is that the presence of high-risk HPV and p16 expression in HNSCC is correlated with a better survival as compared to tumors with no evidence of HPV infection (21) (22) (23) . Both HPV-DNA and the expression of p16 were investigated in the present study cohort of SACC.
In HNSCC, HPV-positive tumors are characterized by certain clinical and pathological characteristics, the expression of certain cell cycle proteins and genetic changes that are different from HPV-negative HNSCC (24, 25) . TP53 mutations are by far the most common and present in ~70% of HPV-negative HNSCC patients, but rare in HPV-related HNSCC as p53 is targeted by E6 protein (26) . The prognosis also changes with the status of epithelial growth factor receptor (EGFR) expression. In one study, HNSCC positive for p16 expression showed a better 5-year-survival (FYS) than p16-negative tumors (84 vs. 49%). If EGFR and p16 were co-expressed the FYS increased to 93%. If tumors were only positive for EGFR, but negative for p16, FYR was decreased (21) . In analogy to investigate the significant differences in survival from the subgroups classified by HPV infection in the HNSCC, we also performed p53 and EGFR immunostaining in SACC specimens with the aim to evaluate the association between p53 and EGFR expression with HPV status in patients with SACC. Until now no relevant universal prognostic indicators could be derived from clinical data, histological or immunohistochemical markers. Ki-67 has been reported as a proliferation marker related to a poor survival in SGC (27) .
Since the advances in treatment modalities have not achieved a significant impact on the survival of patients with SACC, the discovery of biomarkers and potential targets are of high interest. In the present study, we propose to identify HPV-subtypes in SACC and to correlate them with other characteristics of the patients with the aim to uncover potentially novel prognostic and predictive molecular signatures and therapeutic targets.
Materials and methods
Patients and tissue specimens. The present study was approved by the Institutional Review Board of Charité-Universitätsmedizin Berlin, Germany (EA4/035/08). Sixty-seven consecutive patients with sufficient amounts of banked biological material, data on clinical follow-up and the confirmed pathologic diagnosis of SACC, and with no prior history of malignancies and treatments were included. Archival formalin-fixed, paraffin-embedded (FFPE) SACC of the head and neck area were obtained from the Department of Pathology, Charité University Medicine, Campus Benjamin Franklin, Germany and were collected from 1982 to 2007. Data on the TNM classification were retrieved from the pathology database and patient charts. Overall survival (OS) and recurrence-free survival (RFS) was calculated from the date of diagnosis.
DNA extraction and HPV genotyping. FFPE tissues were sliced at 10 µm thickness and collected in a sterile, nucleic acid-free microtube. For each tube, 3 sections of a total of 30 µm thickness were carefully collected. The proceeding and the following section of each series was stained by hematoxylin and evaluated for the presence of tumor tissue. As a control for cross contamination, HPV free tissue specimens of murine origin, which were always negative for HPV and β-globin, were cut in between SACC patients specimens. After deparaffinization of FFPE tissues, the genomic DNA was extracted by QIAamp DNA FFPE Tissue kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. DNA-concentrations were measured by NanoDrop (NanoDrop™ 2000/2000c spectrophotometers; Thermo Fisher Scientific GmbH, Dreieich, Germany). Then GP5 + /bio-6 + PCR followed by Multiplexed Genotyping readout was performed exactly as described by Schmitt et al (28, 29) . Each PCR experiment included specimens from cervical cancers, which were proved infected by high-risk HPV as positive control, and several specimens lacking template DNA as contamination control.
Following PCR amplification, 10 µl of each reaction mixture was subjected to hybridization to Luminex beads coupled to HPV type-specific probes and analysed on a Bio-Plex 200 (Bio-Rad Laboratories, Hercules, CA, USA). The results were concluded as the mean fluorescence intensity (MFI) of at least 50 beads per set. For each sample, the assay was performed twice in independent experiments.
The following HPV types were discriminated and genotyped: high-risk HPV 16 (29, 30) .
Importantly, within this assay, it is possible to detect multiple simultaneous infections (28) . A sample was regarded positive when the MFI value was 3-fold higher than the background MFI value and borderline at 2-fold. The assay detects 10-1000 HPV copies depending on the HPV type. Net MFI values above 5 MFI were defined as positive reactions. A β-globin specific PCR was included to verify sufficient DNA content.
To assess DNA-fragmentation a specific PCR was performed. Some FFPE sections dated back to 1982. Due to non-buffered formalin use until 1995 this may have led to DNA fragmentation and therefore false negative HPV-PCR. Therefore, on each sample with a negative β-globin result a PCR was performed to assess the grade of DNA-fragmentation as previously described. Finally, the presence of 100-, 200-, 300-and 400-bp bands was evaluated on a 2% agarose gel (31) .
Immunohistochemistry. Immunostaining of SACC and surrounding normal specimens was done using 5-µm sections of FFPE from the same series of sections that were used for DNA extraction. The sections were processed by the avidin-biotin-peroxidase method (ABC) using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA, USA) and stained with a mouse anti-p16 antibody (clone DCS-50; Neomarkers, Inc., Fremont, CA, USA) or mouse anti-human EGFR monoclonal antibody (Dako, Glostrup, Denmark). A biotinylated secondary goat anti-mouse antibody was added for 20 min at room temperature after a washing step. Then the color reaction was developed using the APAAP-Red-kit (Dako), and counterstaining was done with hemalaun solution. Antibody titrations and isotype control antibodies were used to determine optimal staining conditions. p16 expression was examined by three independent experienced investigators in a blinded manner, and considered positive if nuclear and cytoplasmic staining was positive.
A semi-quantitative analysis was done, assessing percentage and pattern of staining in the tissue (normal and tumor) using a grading of 0 (negative staining) to 3 (strong staining). The p16 antibody reactivity was scored (32) as follows: negative (<1% of the cells were positive), sporadic (isolated cells were positive, but <5%), focal (small cell clusters, but <25% of the cells were positive) and diffuse (>25% of the cells were stained). Depending on these criteria, the results were further classified as being negative, weak (+), moderate (++) and strong (+++), respectively.
Statistical analysis. Statistical analysis was performed using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). Categorical variables were expressed as percentages and frequencies, and numerical variables were represented as mean ± SD. Qualitative data were compared using the Chisquare or Fisher's exact test as appropriate. Overall survival (OS) and locoregional recurrence-free survival (LRFS) were determined by using the Kaplan-Meier (KM) method. The Cox multivariate regression model was applied to evaluate hazard ratio (HR) and P-value with the aim to compare the factors with prognostic potential. A P-value of <0.05 was regarded as statistically significant.
Results
Patients. Study participants were between 16 and 90 years of age (median 61.3 years; female to male ratio 2.05:1) and only patients with no prior history of malignancies were included. Details of the demographic and clinical data for the 67 investigated patients are summarized in Table I . Twenty-three patients (34%) underwent surgery alone as their sole treatment, 41 (62%) patients underwent surgery and received postoperative radiation, 3 (4%) patients underwent surgery and received postoperative radiochemotherapy. The median follow-up in this population was 102 months (interquartile range, 3-265) among surviving patients. Twenty-six patients (39%) developed recurrence after initial treatments. Thirty-seven patients (55%) had died at the time of last follow-up.
HPV status. HPV-DNA positivity was identified in 28 (42%) of 67 patients in this study cohort of SACC patients (Table II) . Subtypes identified were HPV 16, 18, 11, 33, 45, 56 and 59. Frequency was as follows: 17 cases were HPV-16 positive, 4 cases were HPV 18-positive, 3 cases were HPV 11-positive, 2 cases were co-positive for HPV 33 and 59, 1 case was positive for HPV 45, 1 case was co-positive for HPV 45 and 56 (Table II) .
No significant associations were observed between HPV-DNA status and clinicopathological parameters (Table I) . Ten of 17 (59%) patients were HPV-positive in parotid, 2 of 8 (25%) patients were HPV-positive in submandibular and 16 of 40 (40%) patients were HPV-positive in the minor salivary glands. There was no significant relation of HPV infections with the tumor sites.
IHC was performed to detect p16 INK4a protein and its cellular localization. Overall positivity of p16
INK4a was 58%. The correlation between positive HPV-DNA status and p16 expression in total specimens was highly significant (P<0.001) (Table III) . A total of 89% of HPV-DNA-positive primary tumors co-expressed p16 and 64% of HPV-DNA negative tumors were p16-negative. However, 11% did not co-express HR-HPV and p16. Positive p16-status has a specificity of 89% for HPV-DNA positivity in this study. Remarkably, in tumors of three patients low-risk HPV 11 was present as the only type detected. p53 and EGFR in SACC. Forty (60%) of 67 specimens weakly expressed Ki-67, while 27 (40%) cases showed moderate or strong expression. Higher expression of Ki-67 was correlated with M1 stage (P=0.03). Thirty-four (36) 12 (31) 11 (39) 9 (36) 13 (32) 1 (50) 15 (44) 8 (24) 13 (34) (44) 23 (59) 12 (43) 15 (60) 19 (47) 1 (50) 21 (62) 14 (42) 21 (55) (7) 8 (21) 4 (10) (63) 1 (50) 26 (76) 18 (55) 23 (61) (7) 6 (15) 5 (13) 3 (11) 5 (20) 3 (8) 0 (0) 4 (12) 4 (12) 2 (5) 6 ( 4 (6) 2 (5) 3 (8) 3 (11) 5 (20) 1 (3) 0 (0) 4 (12) 2 (6) 5 (13) 
Expression of
1 (4) 2 (6) 2 (5) 1 (4) 2 (8) 1 (2) 0 (0) 2 (6) 1 (3) 2 (5) 1 ( (36) 17 (41) 9 (32) 10 (40) 15 (37) 1 (50) 10 (29) 16 (48) 19 (50) 7 (24) out of 67 (51%) specimens stained p53-positive. However, p53 expression did not show any correlation with clinicopathological parameters (Table I) . Thirty-eight (57%) of 67 specimens were EGFR positive. EGFR-negative patients with SACC have shown a lower rate of recurrence (Table I) . The correlation of HR-HPV-DNA positivity and Ki-67, p53 and EGFR expression were further analyzed (Table III) . No significant relation was found.
Factors affecting survival. Kaplan-Meier survival estimations indicated that SACC patients with M1 stage (P=0.02) had a reduced OS (Fig. 1) . From the Kaplan-Meier analysis of the recurrence-free survival, we found that SACC patients with M1 stage (P<0.001) and positive resection margins (P=0.03) had an increased recurrence rate.
Univariate and multivariate analyses of the association of clinical and demographic variables with overall survival of SACC patients are presented in Table IV . Univariate analyses for SACC showed that the status of metastases was significantly associated with poor survival of SACC patients (P=0.028). Multivariate analyses for SACC showed that the status of metastases (P=0.033) and p16 expression (P=0.005) was an independent prognostic factor.
Univariate analysis showed that both M1 stage (P=0.001) and positive resection margins (R1-2) (P= 0.03) were significantly associated with a local recurrence risk of SACC patients (Table V) . However, multivariate analyses for SACC showed that M1 stage (P=0.002), negative HPV status (P=0.041) and the presence of a positive resection margin (R1-2) (P=0.012) were independent factors for the risk of local recurrence. High grade of Ki-67 expression has shown a trend for occurrence of local recurrence (P=0.067).
Discussion
The first objective of the present study was to investigate a potential presence of persisting HPV infections in a larger number of SACC patients as one subgroup of the most frequently occurring carcinomas of the salivary glands. The second aim was to evaluate its potential impact on clinicopathological parameters, disease recurrence and survival. Twenty-eight of 67 SACC patients with HPV positivity were identified demonstrating a more diverse HPV type spectrum than seen in HNSCC. Subtypes 16, 18, 11, 33, 45 , 46 and 59 were detected. HPV 16 was the most prevalent subtype seen in 16 patients in accordance to HNSCC. The presence of HPV 11 and 56 were limited to minor salivary glands. Multiple infections of HPV 33 and 59 or 45 and 56 were also found in minor salivary glands. The prevalence of HPV infections was not related to the tumor sites. The subtype variability as well as its relation with tumor sites will be of interest for further investigations in a larger cohort. To date, HPV-related carcinomas of the head and neck tend to be squamous cell carcinomas. There is very sparse information on HPV infection in tumors of the major and minor salivary glands as compared to tumors from other head and neck regions. Hafed et al (33) conducted an analysis of HPV types 16 and 18 in 34 salivary gland neoplasms including 7 SACC. No evidence of HPV infection was found in the 7 SACC specimen. They used, however, in situ hybridization which is prone to lower sensitivity, and subjectivity. Moreover, HR-HPV was not detectable in a study 18 (27) 8 (29) 10 (25) of primary sinonasal tract and nasopharyngeal adenoid cystic carcinomas (34). Bishop et al (17) found that all specimens were HR-HPV-negative in the 184 salivary gland tumors that arose outside of the sinonasal tract which included 98 ACCs, while 8 HR-HPV-related carcinomas with adenoid cystic-like features were identified that arose in the sinonasal tract. A recent study reported a negative HPV status in a study cohort of salivary gland neoplasms by a sensitive and specific PCR assay (16) . To the best of our knowledge, this study is the first to report the evidence of positivity for HPV infection with both high-risk (HPV 16, 18, 33, 45, 56 and 59) and low-risk types (HPV 11) in patients with SACC from using a highly sensitive PCR and a well controlled study material for DNA integrity. p16 positivity has been introduced to be a surrogate marker of HPV infection in cervical and head and neck cancer (35) . In the present study, the expression of p16-positive IHC and HPV-DNA positivity was significantly correlated in patients with SACC. However, and in contrast to HNSCC (23), both HPV-DNA positivity and p16 expression did not show any correlation with clinicopathological parameters. As we have Table IV . Univariate and multivariate analysis for factors with potential influence on overall survival in 67 patients with adenoid cystic carcinoma. (pN 2-3 vs. pN 0-1 seen from our previous studies (35, 36) and others (23, 37) (23) . Therefore, a p16 IHC followed by HPV detection is suggested for subgroup classification referring to prognosis and therapy strategies. In the present study, no significant differences were found when we performed further analysis on these subgroups in relation to clinicopathological parameters and outcome in SACC patients (data not shown). Multivariate analysis has shown that p16 positivity was an independent marker (Table IV) indicating a better survival in patients with SACC, while a presence of HPV-DNA was related to a better recurrence-free survival. This overlap, however, may be due to the limited size of the study cohort.
The two viral oncogenes promoting tumor progression are the HR-HPV derived E6 and E7 genes. E6 protein inactivates p53 thereby inhibiting apoptosis, while E7 protein activates the cell cycle by inhibiting the tumor-suppressor-protein pRb complex with E2F. This results in liberation of the transcription factor E2F and by a positive feedback loop in upregulation of p16 (38) . Hence, p16 can be used as a surrogate marker for HPV-related cancer. However, HPV-independent pathways of oncogenesis can also lead to an overexpression of p16. The cellular function of p16 has been recently identified. Knock out of p16 in HPV E7 expressing cells can lead to induction of apoptosis showing a physiological role in transformation despite its original role in the process of senescence (39) (40) (41) (42) . In another study inactivation of the p16 promotor by methylation has been shown (43) . These findings suggested the multiple roles of p16 in carcinogenesis of malignancies in addition to HPV-related pathogenesis, explaining the discrepancy of HPV-DNA and p16 expression (16, 23) . Further laboratory and clinical studies should be designed with the aim to elucidate the underlying biological cause of the distinct HPV/p16 pattern.
To date, there is no obvious improvement of survival over time which has been reviewed in a large European study on SACC of the head and neck with a 65% 10-year survival rate (44) . In the present study, the overall survival rate of SACC patients was 68%. The potential importance of measurements of certain biomarkers and clinicopathological parameters with impact on disease recurrence and survival are underscored in this study. We found a significantly higher expression of EGFR but not p53 in SACC patients developing recurrence. Despite this finding EGFR expression did not show a significant correlation to survival in SACC patients. In HNSCC, anti-EGFR antibodies such as cetuximab are approved for treatment. However, the addition of cetuximab to radiation or chemo-radiation has resulted in limited benefits to date for the majority of patients with head and neck cancer. Furthermore, EGFR expression levels have not consistently predicted clinical responses to cetuximab. The exact role of EGFR in HNSCC is still debated. As a measure for a high proliferative index, a higher Ki-67 immunoreactivity has been reported to be related to a poor survival in SGC (27) .
Our data confirmed its potential prognostic value in the investigated patient cohort with SACC. In addition, there was an association between higher Ki-67 expression and metastases in SACC patients. In HNSCC, HPV-negative tumors appear to be enriched for EGFR and TP53 mutations (25) . Herein, there were no correlations of HPV status with p53, EGFR and Ki-67 expression in SACC. Nevertheless, investigations beyond this initial study that incorporate larger numbers of patients with SACC are still necessary to further validate these data.
The standard combination treatment for SACC is radical surgical resection and postoperative radiotherapy. In this study cohort, the treatment modality did not achieve significant impact on survival. Patients with tumor-free resection margins, as expected, had a better recurrence-free survival. SACC will easily infiltrate into adjacent tissues and local recurrences occur despite the above treatment. Therefore, a complete resection with free margin should be achieved wherever possible to reduce the rate of recurrence.
Taken together, our results underscore stratification factors of potential clinical value. Positive resection margins were observed to be related to a disease recurrence despite radiotherapy. The development of distant metastases continues to determine the treatment outcome and predicts a poor survival. In accordance to other studies, higher grade of Ki-67 positivity, representative for a more proliferative tumor, indicates a poorer survival. Most importantly, our results presented for the first time that HPV infection is prevalent in ACCs. Although there were no significant correlations between HPV status and other clinicopathological parameters for survival, the importance of measuring the presence of HPV, and of expression of p53 and EGFR for patient stratification is still of interest to reveal associations of molecularly defined subgroups of SACC. Our findings suggest that p16 positivity could be used as an independent biomarker in predicting prognosis of SACC. Hopefully, the knowledge derived from this study and others will provide new insights into the multiple questions still open in relation to the etiology and carcinogenesis of SACC and treatment strategies.
